Dry eye disease is a common disease of the tear film caused by decreased tear production or increased evaporation. The objective of this study was to develop and evaluate poly (dl-lactide-co-glycolide) (PLGA) nanoparticles for CsA (CsA) ophthalmic delivery, for the treatment of dry eye disease. Topical CsA is currently the only and safe pharmacologic treatment of severe dry eye symptoms. Nanoparticles (NPs) were prepared by W/O solvent evaporation technique followed by probe sonicator and characterized for various properties such as particle size, entrapment efficiency, zeta potential, in vitro drug release, in vitro permeation studies by Franz diffusion cells, XRD, DSC, SEM, and stability studies. The developed nanosuspension showed a mean particle size in the range from 128 to 253.50 nm before freeze drying and after freeze drying 145.60 to 260.0 nm. The drug entrapment efficiency was from 58.35 to 95.69% and production yield was found between 52.29 ± 2.4 and 85.30 ± 2.1% in all preparations. The zeta potential of the Eudragit RL containing nanoparticles was positive, that is, 20.3 mV to 34.5 mV. The NPs formulations exhibited a biphasic drug release with initial burst followed by a very slow drug release and total cumulative release up to 24 h ranged from 69.83 to 91.92%. Kinetically, the release profiles of CsA from NPs appeared to fit best with the Higuchi model. The change of surface characteristics of NPs represents a useful approach for improvement of ocular retention and drug availability.
Introduction
Dry eye disease can also be known as Keratoconjunctivitis sicca, either due to insufficient tear production or excessive tear evaporation, both resulting in tears hyperosmolarity that leads to symptoms of discomfort and ocular damage. Dry eye disease is a prevalent disease that affects visual acuity, activities of daily living, and quality of life. Various environmental factors like contact lenses, pollution, working at video display terminals can affect the tear film and proceed up to infection, corneal ulcer, and blindness [1] [2] [3] [4] [5] [6] . CsA is a wellknown immunomodulatory agent that is commonly used to prevent rejection after organ/tissue transplantation [7] . It prevents T-cells from releasing cytokines (primarily interleukin-6) that incite the inflammatory component of dry eye [8] [9] [10] .
Nanoparticles systems accelerate the drug penetration, increase corneal uptake, and avoid systemic absorption. It is able to deliver more intact drug at site of action as compared to free drug [11] [12] [13] . After administration, colloidal drug carriers can remain at the application site (cul-de-sac) and the prolonged release of the active ingredient starts by particle degradation or erosion, drug diffusion, or a combination of both, depending on the biodegradable or inert nature of the polymer [14] . Polymeric nanoparticle formulation is one of the strategies currently used to improve drug absorption across biological membranes [15] . Based on the literature data, the three most commonly used polymers in ophthalmic drug formulations are poly (alkyl cyanoacrylates), polycaprolactone, and poly (lactic acid)/poly(lactic-co-glycolic acid). Other polymers with ocular drug delivery application include chitosan, Eudragit RL/Eudragit RS, polystyrene, and poly (acrylic acid). Much of the published data suggests that in the case of ophthalmic drug delivery, an appropriate particle size and a narrow size range, ensuring low irritation, adequate bioavailability, and compatibility with ocular tissues, should be sought for every suspended drug [16, 17] .
The best known class of biodegradable polymers for sustained drug delivery is poly (dL-lactide-co-glycolide) (PLGA). PLGA is a biodegradable and biocompatible polymer that is hydrolytically degraded into nontoxic oligomer and monomer, lactic acid, and glycolic acid [18] . This is the reason that it has been used extensively in nanoparticulate drug delivery systems. Flurbiprofen-loaded PLGA nanoparticles were also studied extensively in various aspects for their application in ocular inflammation and proved to have good stability and ocular tolerance [19] . PLGA/Eudragit RL100 is a good nanovector for ophthalmic delivery and in past it was used for ciprofloxacin [20] . Based on these considerations, various strategies have been employed to modify NPs properties, including the use of cationic or biodegradable polymers. We have evaluated the particle formation process of the NPs prepared from PLGA polymers with the benefit of positively charged polymers, Eudragit RL100 in different ratios, which could interact with the anionic mucins present in the mucus layer at the surface of the eye [21] . The current study aimed at developing and optimizing a polymeric nanoparticulate formulation of CsA for ocular delivery to improve corneal uptake efficiency to treat dry eye disease using design of experiments by employing 3-level full factorial design (design-Expert software, version 8; Stat-Ease, Inc., Minneapolis, Minnesota, USA).
Material and Methods

Material.
The poly(lactic-co-glycolic acid) (PLGA) polymer Resomer RG 503 was obtained from Sigma Aldrich Pvt. Ltd, Mumbai, India and Eudragit RL100 from Evonic degusa, Mumbai, India. Cyclosporine A was a gift from Alkem Pvt. Ltd. (India). Poly (vinyl alcohol) (PVA) (MW 30,000-70,000) was supplied by Hi-Media Lab. Pvt. Ltd. Mumbai, India. Dmannitol, Dichloromethane, and acetonitrile (HPLC grade) HPLC grade solvents were purchased from E. Merck (India) Ltd. All other solvents and materials used were of analytical grade.
Methods
Preparation of Buffer Solutions.
The composition of simulated fluid (SLF), pH 7.4, was 8.3 g of NaCl, 0.084 g of CaCl 2 ⋅2H 2 O, and 1.4 g of KCl in 1 litre of ultraPurified water [22] . 7.4 . PBS was disodium hydrogen phosphate 1.38 g of potassium dihydrogen phosphate 0.19 g and sodium chloride 8.0 g, in 1 litre of ultra purified water [23] . [24, 25] . CsA loaded nanoparticles F1-F9 were prepared using PLGA and Eudragit RL100 in three different polymer ratios. PLGA and/or Eudragit RL100 (50 mg) was dissolved in 3 mL dichloromethane with CsA (10 mg). This organic mixture was then emulsified in 10 mL of an aqueous PVA solution (1% w/v) by sonication (amplitude 20%, 6 min) using an ultrasound probe (PCI analytics Ltd., India.) in an ice bath. This emulsion was then diluted in 40 mL of PVA stabilizer solution (0.36% w/v). The organic solvent was allowed to evaporate at room temperature under magnetic stirrer (700 rpm), for 4 hour at room temperature (Remi Instruments Ltd., Mumbai, India). The nanosuspension was then resuspended in mannitol solution (5% w/v). The resulting nanosuspension was subsequently cooled down to −20 ∘ C and freeze-dried (Benchtop freeze dryer, Virtis Ltd. USA).
Composition of Phosphate-Buffer Saline (PBS), pH
Experimental Design.
The design of experiments (DOE) technique was used to provide an efficient means to optimize the polymer concentrations. DOE is an approach for effectively and efficiently exploring the cause and effect relationship between process variables and the output. A 2-factor 3-level factorial central composite experimental design technique was employed to investigate the variables. This technique was applied to quantify the influence of operating parameters on the particle size and entrapment efficiency of nanoparticles. The dependant variables were polymer PLGA and Eudragit RL100 concentrations. The factorial design parameters and experimental condition are shown in Table 1 . The goal of the experimental design was to find out, with the minimum number of experimental runs, which process variables have the biggest impact on the final product. Various batches of CsA loaded nanoparticle were prepared based on the 3 2 factorial designs. The independent variables were polymer PLGA concentrations 25 to 75 mg (A) and Eudragit RL100 25 to 75 mg (B) and their levels are shown in Table 1 .
Characterization of Nanoparticle
(1) Production Yield. The production yields were calculated as the weight percentage of the final product after drying, with respect to the initial total amount of CsA and polymer used for the preparations. The yield of NPs (1) [26] . It was detected at 204 nm with the flow rate of 1 mL/min. Entrapment efficiency of the CsA (2) was calculated as indicated below:
(5) In Vitro Drug Release Studies. The freeze-dried NPs containing 100 g CsA were suspended in vials containing 30 mL SLF and incubated in a water bath at 32 ∘ C which is the temperature of the eye surface, using continuous magnetic stirrer at 200 rpm. At given time intervals 1 mL samples were withdrawn, centrifuged for 30 min at 14,000 rpm, and the amount of CsA in the samples was determined by HPLC method as described before. Various mathematical equations were applied to define the kinetics of the drug release. The best curve fit of the release data was tested with the mathematical models of zero and first order, Higuchi, and korsmayer kinetics [22] .
(6) In Vitro Permeation Studies. The permeation studies [27] were performed using Franz diffusion cells with a diffusion area of 2.26 cm 2 . Sigma dialysis membrane having a molecular weight cutoff of 12,400 Da was used. Membranes were soaked in UPW for 24 h before mounting in Franz diffusion cell. The SLF in the thermostated (32 ∘ C) receptor chamber was stirred at 200 rpm. An amount of NPs containing 50 g CsA was dispersed in 5 mL UPW and gently placed into the donor chamber. At specified time intervals, 1 mL samples were withdrawn for HPLC determination and replaced immediately with an equal volume of SLF solution.
(7) Morphology of NPs. The surface morphology of the optimized formulations (F3) was studied using a scanning electron microscope (JSM 6390, JEOL) operated at an accelerating voltage of 10 kV.
(8) Thermal Analysis. The thermal behaviour of pure drug, freeze dried drug loaded NPs, and freeze dried blank nanoparticles was conducted using differential scanning calorimeter (Mettler Toledo, Switzerland) at a heating rate of 10 ∘ C/min. The measurements were performed at a heating range of 30 to 300 ∘ C under nitrogen atmospheres.
(9) X-Ray Diffraction (Xrd) Studies. X-ray diffractogram of the plane drug, blank microsphere, and drug-loaded nanoparticle was recorded by a diffractogram (Brucker AXS D8 Advance) using Cu-Ka line as a source of radiation which was operated at the voltage 40 kV and the current 35 mA. All samples were measured in the 2 angle range between 3 and 80 ∘ and 0.020 ∘ step size.
(10) Accelerated Stability Studies. The NPS formulation (optimized batch F3) was utilized for carrying out accelerated stability studies according to International Conference on Harmonisation (ICH) Q1A ( 2 ) guidelines [28] . For the products stored in refrigerator ICH guidelines suggested long term stability at 25 ∘ C ± 3 ∘ C and accelerated stability study at 25 ∘ C ± 2 ∘ C/60% RH ± 5% RH (relative 10 humidity). Accelerated stability study was performed with the prime aim to assess the stability of NPs at 25 ± 2 ∘ C/60 ± 5% RH with respect to particle size and entrapment efficiency.
Freshly prepared NPs were filled in 3 different amber coloured glass vials, sealed, and placed in stability chamber (CHM-10S, Remi Instruments. Ltd. Mumbai, India) maintained at 25 ± 2 ∘ C/60 ± 5% RH for a period of total 3 months. The dried powder samples subjected for stability test were redispersed in distilled water and analyzed with a sampling interval of 1 month for particle size and EE of the CsA-NPs over 3-month period.
Results and Discussion
The solvent evaporation method described here appeared to be a suitable and simple technique to prepare PLGA containing NPs loaded with CsA. It is a one-step process, easy, and rapid.
Formulation of Nanoparticles.
Nine formulations of CsA loaded nanoparticle were prepared by emulsification solvent evaporation using factorial design, in which the independent variables were polymer concentrations PLGA 25 to 75 mg (A) and Eudragit RL100 25 to 75 mg (B) ( Table 5 ) and particle size (nm) of the nanoparticle ( 1 ) and Zeta potential ( 2 ) were taken as response parameters as the dependent variables.
Optimization Data Analysis and Model Validation
Optimization Validation to the Model. The two factors with lower, middle, and upper design points in coded and uncoded Table 1 . The ranges of responses A and B were 145.5 ± 12 to 260.0 ± 26 nm and +20.3 ± 6.4 to +34.5 ± 4.8 mV, respectively. All the responses observed for nine formulations prepared were fitted to various models using Design-Expert software. It was observed that the bestfitted models were linear for particle size and quadratic for Zeta potential. The values of 2 , adjusted 2 , predicted 2 , Standard deviation (SD), and % coefficient variation (% CV) are given in Table 2 , along with the regression equation generated for each response. The results of ANOVA in Table 3 , for the dependent variables, demonstrate that the model was significant for both response variables.
It was observed that independent variables A (polymer concentrations PLGA) and B (polymer concentrations Eudragit RL100) had a positive effect on particle size ( 1 ) and Zeta potential ( 2 ). 
Regression Equations of the
The coefficients with more than one-factor term in the regression equation represent interaction terms. It also shows that the relationship between factors and responses is not always linear. When more than one factor is changed simultaneously and used at different levels in a formulation, a factor can produce different degrees of response. The interaction effects of A and B were favorable (positive) for responses 1 and 2 .
Response Surface Plot Analysis. Three-dimensional response surface plots generated by the Design Expert software are presented in Figures 1 and 2 for the studied responses, that is, particle size and zeta potential. Figure 1 depicts response surface plot of polymer concentrations PLGA (A) and Eudragit RL100 (B) on particle size, which indicate that A and B show linear effect; that is, when increased from low to high the value of particle size was also increased. Figure 2 represents response surface plot of the effect of polymer concentrations PLGA (A) and Eudragit RL100 (B) on Zeta potential which indicates a quadratic effect. This explains that the higher the amount of polymer, the more will be the zeta potential because of the more availability of polymer Eudragit RL100 to give the positive charge in formulation.
Optimization and Validation.
A numerical optimization technique by the desirability approach was used to generate the optimum settings for the formulation. The process was optimized for the dependent variables such as particle size ( 1 ) and Zeta potential ( 2 ). The optimum formulation was selected based on the criteria of attaining the minimum value of particle size with considerable Zeta potential. Formulation F3 containing % polymer concentrations PLGA and Eudragit RL100 fulfilled all the criteria set from desirability search. The reliability of the response surface model, a new optimized formulation, was prepared according to the predicted model and evaluated for the responses.
Characterization of Nanoparticle
Production Yield of NPs.
The yield of production was found in the range between 52.29 and 85.30% (Table 4 ). The production yield was obtained in PLGA and Eudragit RL NPs. Because CsA is a very poorly water soluble drug, it was partitioned in the organic phase of the initial emulsion and consequently, very little amount of drug was lost to the aqueous phase [23] .
Particle Size Analysis.
The major objective of using general optimal design was to determine the levels of the two factors, that is, PLGA concentrations and Eudragit RL100 concentrations, which produce the NPs with minimum particle size. Particle size and Polydispersity index (PDI) of the fabricated batches were in the range of 128.48 to 253.50 nm and 0.22 to 0.669 before freeze drying and after freeze drying were 145.60 to 260.0 and 0.105 to 0.404, respectively, (Table 4) . Particle size distributions of all preparations are homogenous and well suited for ocular use. The particle size for ophthalmic applications should not exceed 10 m to prevent scratching and foreign body sensation [11] .
Effect of Polymer Concentrations on the Particle
Size. Different polymer concentrations have shown very predominant effect on the particle size of the CsA loaded NPs. Figure 3 clearly represents that the particle size was decreasing or increasing with Eudragit RL100 concentrations, due to the physicochemical properties of the polymer. Particle size decrease can be attributed to the fact that the viscosity of the internal phase of the emulsion may also be changed regarding to the polymer type used. An increase in viscosity of internal phase leads to an increase in size of the particles under a constant sonication input. During the formation of NPs prepared by mixture of PLGA-Eudragit RL100 (25 : 25, 25 : 50, 25 : 75) , the viscosity of the internal phase of the emulsion might be lower than other polymer compositions. The results obtained correlated well with previous studies and investigated the influence of Eudragit RL100 and PLGA polymers on NPs size [29] . 
Zeta Potential.
Zeta potential measurement is an adequate method in order to evaluate NPs surface properties and to detect any eventual modification after freeze drying. The zeta potential values were found to be 20.3 to 34.5 mV dependent on the polymer type used (Table 5 and Figure 4) . The zeta-potential of nanoparticles was found to possess positive surface charges due to the positively charged Eudragit RL100. The surface charges of the NPs prepared by PLGA-Eudragit RL100 mixtures were positive. The charge ratios were not related to Eudragit RL100 ratios, because only a small amount of amphiphilic Eudragit molecules are needed to obtain a positive charge at the particle surface. Same results were obtained in the studies of [30] . It is important to use positively charged NPs since it will prolong the residence time of the formulation in the precorneal area, because of interactions with negatively charged mucins. The zeta potential of the NPs was measured in UPW in both before and after lyophilization. The absolute zeta potential values of the NPs were reduced in after lyophilization compared to before lyophilization. concentrations. The amount of drug was kept constant for all the batches. The entrapment efficiency of the CsA loaded NPs is shown in Table 5 . The entrapment efficiency and percent of all the nine batches range from 58.35 to 91.69%. The reason of low production yield may be loss of water soluble coating polymer from the surface during washing procedure. Such high value of entrapment efficiency may be due to the hydrophobic character of CsA; high entrapped efficiency and production yield was obtained in PLGA and Eudragit RL NPs. Because CsA is a very poorly water soluble drug, it was partitioned in the organic phase of the initial emulsion and consequently, very little amount of drug was lost to the aqueous phase [23] .
Effect of Polymer Concentration on Entrapment Efficiency.
CsA is a highly lipophilic or water insoluble drug which belongs to BCS class II. Thus, it is very well soluble in different organic solvent. In the present study, as the PLGA polymer concentrations increased (25 mg to 75 mg) the entrapment efficiency of the drug CsA is also increased ( Figure 5 ). Data as mean ± SD, = 3.
This can be explained on the basis that higher amount of polymeric phase is available for the dissolution of the CsA.
In Vitro Drug Release Studies.
In vitro drug release profile of CsA loaded NPs showed biphasic release pattern by an initial burst release that was observed ( Figure 6 ). This might be a result of the internal structure of NPs gained by freeze drying and lyophilization procedures as reported by other authors [31, 32] . In this study, another reason of high burst might be the result of crystal structure of CsA being transformed to an amorphous structure after the lyophilization process. Formation of amorphous structure from crystal may lead to an increase in CsA solubility. During preparation of NPs, CsA could precipitate as amorphous substance in the PLGA matrix. After the initial burst effect, the drug was released slowly.
In vitro release of CsA loaded NPs was studied up to 24 hrs in 7.4 pH phosphate buffer medium. For all the nine batches, about 40% of drug was released within 6 hours and total cumulative release within 24 h was found between 70% and 90% for all formulations. Low aqueous solubility may be a reason for the slow release of CsA from the polymer matrices after burst release. On the other hand, the increase in PLGA concentrations prolonged the CsA release from NP. Journal of Nanotechnology The bold values refer to coefficient of variation and its correct according to given headings. Drug Release Kinetics. The release constant was calculated from the slope of the appropriate plots and the regression coefficient ( 2 ) was determined. It was found that the in vitro drug release of F3 formulations was best explained by Higuchi kinetic, matrix diffusion mechanism, as the plots showed the highest linearity, 2 = 0.974 (Table 6 ). The corresponding plot of log cumulative percentage drug release versus log time of the Korsmeyer-Peppas equation indicated a good linearity of regression coefficient ( 2 ), 0.977 indicating that optimized formulation (F3) followed quasi fickian transport, which is the drug transport mechanism.
In Vitro Permeation
Studies. Franz diffusion cell study aimed to obtain the preinformation about in vivo studies by using cellulose membrane simulating human cornea. No significant difference in release and diffusion through the membrane was observed between the developed NPs formulations (Figure 7) . The cumulative percentage of CsA in receptor compartment was between 44 and 60% for all formulations at the end of 24 h.
Morphology of NPs.
The morphology of the optimized formulation (F3) nanoparticles was examined by scanning electron microscopy ( Figure 8 ). Nanoparticles are spherical in shape and possessed a smooth surface and also they had no rupture on the surface; such morphology would result in slow clearance and good deposition pattern in ocular cavity [33, 34] .
Thermal Analysis.
The thermogram of CsA exhibited a sharp endothermic peak at 115.15 ∘ C, indicated melting point which was reported in the literature. Characteristic peak of CsA disappeared in the drug loaded nanoparticles. DSC studies revealed that CsA was molecularly dispersed inside the nanoparticle (Figure 9 ).
X-Ray Diffraction (XRD)
Studies. The X-ray diffraction spectra were recorded for CsA, blank nanoparticle and drug loaded nanoparticle for investigating the crystallinity of the drug in the polymeric nanoparticle ( Figure 10 ). CsA Xray diffractogram illustrates the crystalline nature of drug. In contrast, the blank and drug loaded nanoparticle that Data as mean (mean ± SD, = 3). produces peaks with low intensity indicates an almost amorphous state of these polymers. The absence of crystalline peaks of CsA A in drug loaded nanoparticle indicates that the drug was molecularly dispersed in the polymer and conversion of crystalline form of drug into the amorphous after freeze drying.
Accelerated Stability Studies.
Particle size and Zeta potential variations during 3 months of storage were assessed. Respective data are given in Table 7 . The particle size was increased slightly from 147.87 ± 6.89 nm to 148.56 ± 7.80 nm during stability studies. The zeta potential of the optimized batch after 3 months (+21.0 ± 1.0 to +19.8 ± 1.6 mV) indicated that the drug was retained within the nanoparticles throughout the stability period. The obtained results showed that there was no significant change in the mean particle size and zeta potential. There was a very slight decrease of the drug loading which may be due to the expulsion of drug from polymer matrix during storage.
Conclusion
The present study reports the preparation and physicochemical characterization of CsA NPs which combine the PLGA with the positively charged properties of Eudragit RL100.
The results indicate that both the mean diameter and the surface charge on NPs were markedly affected by the polymer type. The PLGA, Eudragit RL100-CsA (75 : 25 or Batch F3) NPs, showed small particle size and positive surface charge, which makes them suitable for ocular use.
In conclusion,
we have demonstrated that NPs with different properties could modulate the drug release in the cul-de-sac or in the ocular tissues after uptake by epithelial cells. The system interacts with eye surface, ensuring optimal contact between the formulation and the mucosa. It provides sustained drug release in the cul-de-sac for an extended period of time. These results indicate that CsA loaded NPs have great potential as drug delivery systems and are promising formulations in the management of dry eye disease.
